The output performances of a compact, passively Q-switched Nd:YAG/Cr 4+ :YAG laser were investigated using single crystals and poli-crystalline ceramics Nd:YAG with doping level between 1.0 and 2.0-at.% Nd, and single crystals and poli-crystalline ceramics Cr 4+ :YAG with various initial transmission. Q-switch laser pulses with energies up to 2 mJ and duration below 1 ns were realized at a pump repetition rate of 10 Hz. An all-ceramics Nd:YAG/Cr 4+ :YAG laser could be a solution for ignition of automotive engines. The optical intensity of a laser pulse with ns duration that induces optical air breakdown was determined.
INTRODUCTION
Passive Q-switching can simplify a laser setup, improve the efficiency, reliability and compactness, and reduces the laser costs. The first continuous-wave (cw) diode end-pumped Nd:YAG laser passively Q-switched by Cr 4+ :YAG saturable absorber (SA) crystal, which was realized in 1994 by J.J. Zayhowski and C. Dill III, delivered pulses with 11 μJ energy and 337 ps duration at 6 kHz repetition rate [1] . Lately, in 1997, Agnesi et al. developed a cw, diode end-pumped, passively Q-switched Nd:YAG/Cr 4+ :YAG laser that outputted pulses with 100 μJ energy and 36 ns duration at 15 kHz repetition rate [2] . An increase of the pulse energy, up to 3.4 mJ, was obtained in 2000, employing, however, a side-pumping geometry; the pulse duration and repetition rate were 99 ns and 2.2 kHz, respectively [3] .
Extensive research has been performed during the last few years on laser-induced ignition of air-fuel mixtures in internal combustion engines. According to these investigations, a suitable solid-state laser configuration for engine ignition is a Nd:YAG laser passively Q-switched by Cr 4+: YAG SA, the laser rate of repetition being controlled by using a repetitive pumping [4] [5] [6] [7] [8] [9] . Thus, a monolithic Nd:YAG/Cr 4+ :YAG laser for engine ignition that outputted pulses with 8 mJ energy and 1 ns duration was developed by Kohler et al. [4, 5] . A compact Nd:YAG/Cr 4+ :YAG microchip laser with a brightness of 98 TW/sr·cm 2 (0.69 mJ pulse energy, pulse duration of 580 ps, 100 Hz repetition rate) was also realized [6] . Engine ignition with improved performances in comparison with a spark plug was demonstrated by Tsunekane et al. [7] [8] [9] with a miniature Nd:YAG/Cr 4+ :YAG laser with 3 mJ energy per pulse and 1.2 ns duration at 10 Hz repetition rate. On the other hand, the Q-switch pulse energy could be increased up to 25 mJ using side-pumping of a Nd:YAG rod; the repetition rate was 150 Hz, whereas long pulses of 3 ns duration were used for ignition [10] .
The Nd:YAG as well as the Cr 4+ :YAG SA media used in the previous reports were single crystals. The advancement in ceramic techniques has now reached a maturity stage, especially in obtaining poli-crystalline cubic laser media of very good optical quality. Thus, it is recognized that laser ceramics has become a serious challenge to crystalline optics, especially due to easier manufacturability and lower price. Therefore, the use of poli-crystalline ceramics could decrease the price of a miniature Nd:YAG/Cr 4+ :YAG laser, which is a critical condition for realizing and using of a laser spark-plug for engine ignition. In this work we present results on laser output characteristics obtained from a passively Q- 
RESULTS AND DISCUSSIONS

Experimental conditions
A sketch of the experimental set-up is shown in Fig. 1a . The laser media were Nd:YAG single crystals with doping level of 1.0-at.% Nd (sample A; Japan) and 2.0-at.% Nd (sample B; Germany), and poli-crystaline Nd:YAG with 1.1-at.% Nd (sample A * ; Japan) and 2.0-at.% Nd (sample B * ; Japan) doping level. The thickness of sample B * was 3 mm, whereas the other Nd:YAG media had 4 mm in thickness. Side S1 of each Nd:YAG was coated as high reflection (HR, reflectivity R> 99.9%) at the lasing wavelength, λ em of 1064 nm, and as high transmission (transmission, T> 97%) at the pump wavelength, λ p of 807 nm. The other side (S2) was antireflection coated (AR, T> 99.9%) at λ em , and as HR (R> 95%) at λ p . The Cr 4+ :YAG SA had initial transmission, T i between 0.80 and ~0.20, and were single crystals obtained from two different sources (SA1 and SA2; China), as well as and poli-crystaline samples (SA3; Japan). Both sides of a Cr 4+ :YAG SA were AR coated at λ em . The optical pumping was made with a fiber-coupled diode laser (JOLD-120-QPXF-2P, Jenoptik, Germany). The pump repetition rate was 10 Hz and the pump pulse duration was 250 μs. An optical system made of two L1 and L2 lenses was used to image the fiber end (600-μm in diameter, NA= 0.22) into Nd:YAG to a spot size of 1.1 mm in diameter. A linear resonator made between side S1 of Nd:YAG and a plane output mirror (OCM) was used. Figure 2b presents a photo of a spark-plug based on a compact Nd:YAG/Cr 4+ :YAG laser developed at our institute in Japan, and whose dimensions compares very with a conventional electrical spark-plug. Figure 2 presents output performances measured in free-generation regime, in a 35-mm long resonator equipped with an 
Laser operation in free-generation regime
Q-switch operation
Q-switch emission was reported previously in all-ceramics Nd 3+ :YAG/Cr 4+ :YAG [11] or Yb:YAG/Cr 4+ :YAG [12, 13] compact lasers, the pumping being made with diode lasers of low power (few Watts) in cw mode. Here, the laser repetition rate is controlled by the frequency of the pump diode. Various experiments were performed in Q-switch regime, in order to fully characterize the available Nd:YAG and Cr 4+ :YAG single crystals and poli-crystalline media. In the beginning, we used a 35-mm long resonator: This resonator delivered Q-switch laser pulses of ns-order duration (FWHM definition) that would reduce possibility of coating damage. (Fig. 3a) and ~1.5 ns duration (Fig. 3b) were delivered by the single-crystal sample A, as well as by the highly-doped poli-crystalline sample B The corresponding pulse peak power was about 1.05 MW. The minimum energy of the pump pulse at 807 nm was 14.7 mJ for sample A (Fig. 3b) Figure 4 presents the results. The highest energy of the Q-switch laser pulse, namely 1.2 mJ with on OCM of T= 0.70, was obtained with the 1.0-at.% Nd:YAG single crystal (sample A). The pulse duration and the pump pulse energy were ~1.8 ns and 16.8 mJ, respectively. Generally, the Q-switch pulse energies were lower than those measured with the Cr 4+ :YAG single crystal (SA1), whereas the pulse durations were longer. This could be the result of some differences between initial transmission T i specified by the manufacturer and the real value of T i in the poli-crystalline Cr 4+ :YAG. In a final experiment, the resonator length was reduced to 11 mm and a Cr 4+ :YAG single crystal (SA1) of transmission T i = 0.40 was used to obtained Q-switch laser pulses. Figure 6 summarizes results obtained with all Nd:YAG laser media. The 1.0-at.% Nd:YAG single crystal (sample A) delivered laser pulses with ~2.0 mJ energy and duration of 0.6 ns, which corresponds to a pulse peak power of ~3.3 MW; the OCM transmission was T= 0.70. The Q-switch laser pulses outputted by the low-doped (sample A * ) and highly-doped (sample B * ) poli-crystalline Nd:YAG media has energies of 1.55 and 1.85 mJ, respectively, whereas the pulse durations were 0.55 and 0.65 ns, respectively. Thus, the peak powers of these laser pulses were nearly the same, of about 2.8 MW. We mention that air breakdown was realized, in laboratory conditions and using a focusing lens with a maximum focal length of 11 mm, when energy of the Q-switch laser pulse exceeded 1.5 mJ, regardless the OCM transmission and Nd:YAG sample. Details of air breakdown measurements are described in the next section.
Laser pulse optical intensity for air breakdown
Intense radiation, like that emitted from a passive Q-switched Nd:YAG/Cr 4+ :YAG laser, can induce breakdown in air or other transparent media. It is known that the intensity required for optical breakdown depends on pulse duration. However, there are not many reports on this subject: According to Ref. [14] , an optical intensity of ~2×10 13 W/cm 2 is required for air breakdown with laser pulses of 1 ps duration. Experiments were performed, in order to determine the optical intensity of laser pulses of ns-order duration that realizes air breakdown. A compact Nd:YAG/Cr 4+ :YAG, shown in Fig. 7 , was used. The laser pulse duration was varied by changing the OCM transmission, and with the help of two Cr 4+ :YAG SA crystals that had initial transmission T i of 0.39 and 0.29. Moreover, the resonator length was changed from 11.5 to 15.5 mm: In this range the laser beam M 2 factor was ~1.50, as determined by knife-edge method. The air breakdown was observed behind a convergent lens of 7.5 mm focal length. A half waveplate and a polarizer were placed after the laser, in order to vary the intensity of the pulse incident on the focusing lens. Thus, the laser pulse duration could be varied between 0.4 ns and 1.1 ns. The corresponding laser pulse optical intensities that induced air breakdown were evaluated as ~0.65×10 13 
CONCLUSION
Characteristics of laser pulses obtained from a repetitively-pumped Nd:YAG laser that was passively Q-switched by Cr 4+ :YAG saturable absorber are reported. Single-crystals and poli-crystalline ceramics Nd:YAG and Cr 4+ :YAG were used in the experiments. Laser pulses with energy of ~2.0 mJ and duration of 0.6 ns (pulse peak power of 3.3 MW) were obtained from a 1.0-at.% Nd:YAG single crystal and a single-crystal Cr 4+ :YAG with initial transmission T i = 0.40. Generally, during the experiments described in this work, the energy of laser pulses obtained with poli-crystalline Cr 4+ :YAG were below than those realized with Cr 4+ :YAG single crystals. However, during very recent experiments that were performed with poli-cristalline 1.0-at.% Nd:YAG and poli-crystalline Cr 4+ :YAG with initial transmission T i between 0.70 and 0.30, Q-switch laser pulses with 2.3 mJ energy 0.8 ns duration were realized. Therefore, we are fully confident that poli-crystalline Nd:YAG and Cr 4+ :YAG ceramics can be used to realize a high-peak power Nd:YAG/Cr 4+ :YAG microchip laser for ignition of engines with internal combustion. The optical intensity of a laser pulse with 1 ns duration that induced air breakdown was evaluated to be around 0.5×10 13 W/cm 2 .
